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Outline

* Introduction

« Background

* Pre-detonation nuclear forensics
» Post-detonation nuclear forensics
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Introduction

« B.S. Chemistry fromUMass « Ph.D. from UNLV in
Ambherst Radiochemistry

— Bio-inorganic synthesis — Dr. Ken Czerwinski

. %?/l?el?s%drrl1on%2$r§|csgcr)%rgtel — Synthetic actinide chemistry

UNLV — Nuclear forensics

— Radiochemistry course withan « At LANL since 2014
emphasis on the nuclear fuel

cycle — Dr. Jaqueline Kiplinger
« 2011 ACS Summer School in « Organoactinide synthesis
Nuclear and Radiochemistry . Air sensitive materials,
— Brookhaven National Lab glove-box work

— Focus on nuclear medicine
and nuclear fuel
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Introduction

» Postdoctoral Work * Funding
— Dr. Marianne Wilkerson —DHS NTNFC
« Analysis of fuel precursors _LANL LDRD
— Dr. Sam Clegg
« Gas FTIR analysis of stable
isotopes of nitrogen » Large groups (>15 people)

— Dr. Keri Campbell and Dan « Small groups (<5 people)
Kelly  Mentor to high-school

* Uranium corrosion student
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Background — Nuclear Forensics

* Nuclear forensics — the evaluation of signatures
to determine the identification and provenance of
nuclear material

— Device, precursor materials, fuel, isotopic
signatures
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Part 1 — Pre-Detonation Forensics
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Pre-Detonation Forensics

The Nuclear Fuel Cycle

Fusl rods

 Ammonium diuranate (ADU) and

ammonium uranyl carbonate - -
(AUC) |
are both present in multiple steps ® v

of the fuel cycle

. .
0.7% U-235 to I.IF. ‘
REP[I}E‘EE‘E&ﬂ LI & .

€Eﬂ¢lll¢ﬂ-
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ADU — Ammonium Diuranate

thermometer for monitoring A ‘ — cannula for
STIR RATE FLOW RATE reaction temperature 4?1‘ f _ delivery of NH,OH
[U] (MG/ML) | FINAL PH TEMP (°C) ' T o K
(RPM) (ML/MIN) p— )
for & 3 W = '
NH,OH : = - N R
170 5 21.5 iy RS i

il =
- 3

pH probe

50 2.5

dish
for
sand or water bath

280 100 8 5 35

400 200 11 7.5 50

peristaltic pump
for metered _—

Statistical methods were used to go from 120 possible [ e eriion B
combinations to 22 experiments that would give the e
most diverse data set

pH meter

stir plate with digital readouts
for

RPM stirring and temperature

-
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ADU Characterlzatlon Color

The Munsell Color Chart was used to define the colors
of each compound based on hue (color), value
(lightness), and chroma (purity).

—
o

# of Samples
< — S W E=N wn (@)} ~J o] O
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ADU Characterization - pXRD

« Powder XRD was used to , ‘

14x10°

identify the phases present “ O
in the materials |

* One uranium containing | |
phase: UO;-zNH;-xH,0 o -
(ICDD PDF No. 00-014-0340) R ‘». ' 'h r: t e
Maijority of compounds LR I W il I ,’m"'“h
also show NH,NO, g AR IVA VAT 4
(asterisks) 6
* Only two compounds, 3
and 16, did not contain 47 u
NH,NO,; by XRD
27 | | [ | [ | | 1
Dorhout, et.al 2020 JNM, Submitted. 10 20 30 40 50 60 70 £

Two-Theta (deg)
"« Los Alamos

e [ —
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ADU Characterization — TGA/DSC

NH; and H,O loss

-+ TGA (green) shows

d?«‘«"%position : Welght loss as a
function of

temperature

 DSC (blue) shows
endo- and exo-
thermal events

‘NH,NO,

a)

Heat Flow (V\/

Temperature (°C)

Dorhout, et.al 2020 JNM, Submitted.
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ADU Characterization —
WEIGHT LOSS OF

I
2
3
4
5
6
8
9
1
o1
12
13
14
15
I
18
19
20 000
I T
2 |

Hew TGA/IDSC

19.00
4.90 .. e
19.41 o fﬂ W g
35.39  P® O YTHE
28.22
11.94
26.01
28.77
21.53
17.41
21.24
26.12
12.09
18.72
4.88
20.70
20.40 R e o e e e
ggﬁf Dorhout, et.al 2020 JNM, Submitted.
17.68 = il
25.02
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ADU Characterization — TGA/DSC

* Appears to be a correlation between the amount
of NH,NO, present and the color of the
compound

 Light-colored compounds had high stir rates and
often high concentrations of uranium

» Dark-colored compounds has high pH (i.e. more

NH,OH added) and low stir rates or uranium
concentrations

UNCLASSIFIED
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ADU Characterization - SEM Analysis

Compound 1 had
one of the lowest O , .
concentrations of HOENT S RS i
NH4NO; (9.82 %) iy SUSNT " B s BTN

Compounds 5 and 9
had some of the highest
S concentrations of

.\ NH,NO, (35.39 and

- 28.77 %)
Compounds 7 and

12 were middle of AR
the road (11.94 and SRR TS S . —
21 24 %) 5 E——

{ B . ! T ., :
5 e s . s
- - v b . w4 1 i 4 0 t - o
& QNI € e e W ——trr— « Los Alamos
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ADU Characterization — Particle Size

MEAN DIAM.
COMPOUND MEDIAN DIAM. (UM) (UM) C,,(_)mpound 4 . 00
LIGHT-SCATTER LIGHT- & 90
SCATTER o] o
4.834 4.741 g o o &
2 3.746 3.818 " 4 »p
3 2.2096 2.5062 = =
4 2.6634 2.7756 0 e ———  ———— ——&
“ 2 1 327 25772 0.010 0.100 1.000 mmm!{f:mja 100.0 1000 3000
& ] 8.1335 8.8301 Compound 7
4.3511 5.42 e .
8 8.1135 8.513 k =
9 11.867 12.657 N R
10 3.7846 3.5019 v ot
11 1.5347 2.0429 - w0 3
12 3.7554 4.2099 |
“ 28813 31654 gifﬂ L Ilé.lim II'.I".Dt?t'.' ‘ I‘P‘O_Oﬂ ‘ HI“HII‘O.O Y Hl‘igﬂﬂ SOﬂ-g
1. 25918 2.721 o
15 5.7682 5.8666 * In general, lighter colored compounds (4, 11,
16 2.7171 2.6922 16) have smaller particle sizes
aoors — « Darker compounds (9, 19) are larger
5.338 « Caveat — each sample was ground with a

2.677 mortar and pestle prior to analysis

3.163
3017 \SSIFIED . A
« Los Alamo

NATIOMNAL LAERORATORY
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ADU Characterization - MAMA

 Morphological Analysis for Materials Attribution (MAMA) is a software
designed at LANL for the purposes of analyzing morphological features of
materials in SEM images

« MAMA measures 14 attributes, including pixel area, circularity, and ellipse
aspect ratio ms :
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ADU Characterization - MAMA

« Compounds 1-18 were analyzed and the data was used to build
a model to predict MAMA results for Compounds 19-22

COMPOUND # 19 ! 2 /21 | 22
AVG. MINOR ELLIPSE 2.41£1.62 2.5042.39 2.65+2.54 2.4141.67

PREDICTED MINOR ELLIPSE
S ANGE 0.120 — 1.08 0 0.811 0.530 — 1.35 0—0.671
AVG. D'AMET(%';Q;S‘PECT RATIO 1.610.64 1.55+1.34 1.54+1.04 1.63+0.54

PREDICTED DAR RANGE 0.952 - 1.66 1.15-1.92 1.16 -1.77 1.10-1.75

AVG.
CIRCULARITY 0.60710.23 0.64410.247 0.65010.236 0.65810.375
PREDICTiI‘)AﬁI(;ECULARITY 0.485 — 0.654 0.486 — 0.6856 0.5391 — 0.6936 0.514 — 0.6887

AVG. AREA CONVEXITY 0.867+0.13 0.906+0.099 0.906x0.122 0.913+0.082
0.847 —0.933 0.805 — 0.906 0.861 —0.944 0.830 — 0.920

UNCLASSIFIED
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PREDICTED AREA CONVEXITY
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AUC — Ammonium Uranyl Carbonate

(mg/mL)
50

CO,/U
Ratio
3.5

4.25
5.0

Stir Rate
(rpm)
170
280

400

7.5

Addn. Rate Temp
(mL/min) (9]
2.5 21
35

+ Synthetic method similar to ADU

 Statistical model used to choose 31
materials to get the most diverse
data set

50 « Complete data set contains 29

independent materials and 2 sets of

repeated conditions
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AUC Characterization - Color

20
18
16

14

[a—
(3]

# of Samples

8
6
4
2
0
2.5Y 5Y 10YR
Colors
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AUC Characterization - pXRD

« XRD patterns show four distinct uranium phases in the
data set

* 25 Compounds /\\LJM 24AUO

contain NH,NO; = I
6 Amorphous

\MLMMLMM

I | | | |
10 20 30 40 50 60 70 80

Two-Theta (deg)
UNCLASSIFIED
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AUC Characterization — TGA/DSC

Slide 21

100 10 120 7
Ny J 467 %
\\ ) :
N, 5
90 4 \ 100 —
!
\ N
\ \ 16.45 % \ 2
. I ~ \
_ \ S~ 0 3 , 5
£ ! - T T S S =
= 1 | — 239.36°C TT— z = =
= B0 . 4 L.
=4 Decomposition \ - 7 2 5§ ¥ 4314 % ¢ 3
= of AUC = é 2
\ s 2 3
\
7297 °C i 12.39 % - -6
! |
70 I'| 60 - i
\ -1 \"‘EE J
\ ’ —
S Decomposition — - -8
— of AUC
Decomposition [ —
of NH,NO,
B0 T T - T T r T T -15 A0 : - - T -10
0 b 200 300 400 500 0 100 200 300 400 500
ExoUp TGITIDBratU re [ D'l:] Universal 434 TA Insiruments Exo Up Tellnpeﬂ:nu'e {“C_:' Universal V4 54 TA Instruments

Compound 3 - AUCH Compound 4 — AUC; no NH,NO;,
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AUC Characterlzatlon TGAIDSC

Compound | %NH,NO, Color (Hue
Value/Chroma)

1 A 5Y 8/8 . Am
2 Y 5Y 8/8 5 Am
T 1239 5Y 8/8 35 AUCH
4 0 5Y 8/6 5 AUC
s 1784 10YR 8/8 425 AUCH
s 853 2.5Y 8/8 3.5 Am
26.55 10YR 8/8 3.5 Am
T | 2856 10YR 8/8 5 AUCH
e 1102 5Y 8/8 425  AUC
B 1019 10YR 8/8 3.5  AUCH
R | 2782 10YR 8/8 5 Am
" 7.46 5Y 8/8 425  AUC/

AUCH
R 2246 10YR 8/8 3.5 AUCH
s 1376 2.5Y 8/8 5 AUCH
G 11.85 2.5Y 8/8 3.5 Am
T 2142 10YR 8/8 4.25 Am
20.33 10YR 8/8 4.25 Am
T 2251 10YR 8/8 5 Am
19 | 10YR 8/8 5 Am
20

16.95 10YR 8/8 4.25 Am S3SIFIED

o

Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA
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AUC Characterization - SEM

Compound 3 —AUCH Compound 4 — AUC Compound 6 — Amorphous Compound 24 — AUO
12.39% NH,NO, 0% NH,NO, 8.53% NH,NO, TBD

UNCLASSIFIED
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AUC Characterization - MAMA

det | HV ‘ WD ‘ 8/3/2018 | mag | 50 um ~ | det| Hv WD 8/3/2018 | mag 50 ym
ETD|[30.00 kV|10.5 mm| 2:29:00 PM | 5 000 x| Los Alamos National Laboratory ETD|30.00 kV[10.5 mm|2:28:00 PM |5 000 x Los Alamos MNational Laboratory

Compound 13 — AUCH with 22.46% NH/,NO,

o UNCLASSIFIED
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ADU and AUC Conclusions

« ADU and AUC are precursors to UO, fuel and could be interdicted

« Correlations between synthetic conditions and physical, chemical, and
morphological characteristics could help identify provenance of stolen
material

* |t appears that there is no straightforward correlation, however several
reaction conditions together seem to lead to changes
— Morphology, NH,NO, concentration, color

« Statistical models can help us predict measured attributes from MAMA
based on combinations of reaction conditions

— Model has limitations and potential bias
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Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA AR S A



Slide 26

Part 2 — Post-detonation Forensics
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Post-detonation Forensics

* Major component of i % wav
post-detonation 1 A
analysis is looking at \
fission yields y ©

* Yields, particularly for
higher mass numbers, %, \
can help identify the \
type of device — | | |

J0 g0 110 150 150

FISSION YIELD 7%
o
‘I"-.
—____---
..-"".-..

MASS HUMBER

UNCLASSIFIED Prelas, M. A.; Weaver, C. L.; Watermann, I\
Wisniewski, DeAf
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Goal

 Goal: To create actinide target materials for the
rapid separation of fission products without the
need to dissolve the entire target

— Proof-of-principle to advance the library of fission
product ratios for various actinides

 Procedure: To prepare and irradiate a target
material, then rapidly separate and measure the
fission products

UNCLASSIFIED
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UO, Fuel

* UO, has been used in fuel, target materials, and
fission product analysis for decades

— Literature references site these particle sizes
between 20 ym and 200 mm

* Dissolution of materials is generally done in
HNO, and/or HCI at acid concentrations > 1M

UNCLASSIFIED
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UO, Production — A Novel Method

Fressure Flate

* Hydrothermal synthesis """ o

W | W .
Carrasson Disc I o : | T
Upper §Thick) | I _-"- g ——— = — g :-" Pressure Plats
N s Lonaser
% =)
Corrosion Disc A | ¢ . "
@] 0O 1 80 OC Lavweswrr [ Thir ] K | . C = varve 3
UOZ(NOB)Z + 3 HO/U\/YU\OH U02 y _ | : Teflesm Lid
onni] Bady | _
NH, HZO J | ] eflon Liner
N AT
:h. ..... TR |

Baotiom Disc
Blakemore, P.; Oregon State University: Corvallis, Oregon, 2017; Vol. 2017; p-image-of:pa
bomb.
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UO, Target Production

 KBr chosen as a secondary matrix to trap fission
products (3:1 KBr:UO, by mass)

+ Targets were 25 mg dUO,
* Pressed into a 6 mm pellet
« Sealed in Al sample holder

Dorhout et.al JRNC, 2019, 3719, 1291.
' UNCLASSIFIED
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UO, Irradiation

» Flattop is a critical assembly device made of
HEU at the Nevada National Security Site

Rod "F*
{large control rod)

1-in. glory hole

Brewer, R. W.; McLaughlin, T. P.; Dean, V.
(U-235 core only)

™ Uranium-235 Sphere Reflected by Normal
, Uranium Using Flattop, Nuclear Energy Agency,
1999.

Ye-in. ghory hole
(all cores)

Rods "G" and "E"
(small rods)
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Rapid Separation

Fresh

total counts in all liquid samples
% Extracted = * 100

total counts in original liquid + original solid samples

RN

UNCLASSIFIED S
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Rapid Separation
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Gamma Counting

HPGe and BEGe
detectors used In
experiments

Each sample (plus a
background) was
counted for the same
amount of time |
Down-side: only gamma
emitting isotopes are '
identifiable

UNCLASSIFIED
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Results — Flattop

* |rradiations done on multiple samples

» Five UO, samples studied

— Four samples of 3KBr:UQO,

 Each contacted with a different acid
— 0.01 M HCI, 0.1 M HCI, 0.01 M HNQO,, or 0.1 MHNO3

— One sample with no KBr present = 2 7

* How important is secondary matrix? ‘ e
 Contacted with 0.01 M HNO; =4

-~

'(['

UNCLASSIFIED
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Results Dorhout et.al JRNC, 2019, 319, 1291.

Percent Extraction of Certain Fission Products

m0.1 M HC
WO0.01MHNO3
= 0.1 MHNO3
0.01 M HCI
B No KBr
I l | J] I I
A o] "] o) o) 5 g Sy o) S
S WP N Y\ SN M-S N

100.00

90.00

80.00

70.00

60.00

50.00

Pecent Extraction

40.00

30.00
20.00
10.00 jI
0.00
K B R ..

¢ & F ¢ F ¢ & ¢V Vo Y &Y
. . Nuclide .
 Each target able to allow for extraction of a wide e«  Black bars represent no KBr — secondary matrix
variety of fission products does have an affect

0.1 M HNO, data is artificially high
UNCLASSIFIED
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Issues

« KBr is easy to work with and remove with dilute acid, but
it is activated in the neutron flux to give 8?Br

— Many gamma energies
— Short half-life, high activity
— Could be resolved by using a different secondary matrix

« Targets were irradiated at different times under different
conditions
— Cannot compare activities extracted
— Must compare percent extraction

UNCLASSIFIED
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Conclusions

* Proof-of-concept shown

* 0.01 M HNO; chosen as extractant for all future
experiments

« Secondary matrix does seem to have a positive affect on
extraction

» Different secondary matrix could make analysis easier

UNCLASSIFIED

Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA



Slide 41

Acknowledgements

. UNLV
LANL — Dr. Ken Czerwinski
— Gregory Wagner — Dr. Thomas Hartmann
— Dr. Marianne Wilkerson — Julie Bertoia
—  Tyler Mullen — Trevor Low
_ Hannah Mullen — Dr. Daniel Mast

— Dr. Daniel Lowe

— Rebecca Springs

— Dr. Lucas Boron-Brenner
— Radiation Safety Staff

— Julie Gravelle
— Dr. Christine Anderson-Cook
— Dr. Kari Sentz

— Dr. Amy Ross .  DAF
- D'.'- Brian Scott — Dr. Todd Bredeweg
* Funding — Dr. Donnette Lewis

— NTNFC Graduate Fellowship
— Glenn T. Seaborg GRA Fellowship
— DHS Postdoctoral Funding

This material is based upon work supported by the U.S. Department of Homeland Security under Grant Award Numbers

2012-DN-130-NF0001-02 and HSHQDC-15-X-B0003.

The views and conclusions contained in this document are those of the authors and should not be interpreted as
AL necessarily representing the official policies, either expressed or implied, of the U.S. Department of Homeland Security.

— Radiation and Safety Staff




	Analysis of Fuel Cycle Materials for Nuclear Forensics: Pre- and Post-detonation
	Outline
	Introduction
	Introduction
	Background – Nuclear Forensics
	Part 1 – Pre-Detonation Forensics
	Pre-Detonation Forensics
	ADU – Ammonium Diuranate
	ADU Characterization – Color
	ADU Characterization - pXRD
	ADU Characterization – TGA/DSC
	ADU Characterization – TGA/DSC
	ADU Characterization – TGA/DSC
	ADU Characterization - SEM Analysis
	ADU Characterization – Particle Size
	ADU Characterization - MAMA
	ADU Characterization - MAMA
	AUC – Ammonium Uranyl Carbonate
	AUC Characterization - Color
	AUC Characterization - pXRD
	AUC Characterization – TGA/DSC
	AUC Characterization – TGA/DSC
	AUC Characterization - SEM
	AUC Characterization - MAMA
	ADU and AUC Conclusions
	Part 2 – Post-detonation Forensics
	Post-detonation Forensics 
	Goal
	UO2 Fuel
	UO2 Production – A Novel Method
	UO2
	UO2 Target Production
	UO2 Irradiation
	Rapid Separation
	Rapid Separation
	Gamma Counting
	Results – Flattop
	Results
	Issues
	Conclusions
	Acknowledgements

